SUMMARY This study was designed to examine the total body hemodynamics of abdominal aortic coarctation hypertension. The study quantitates both regional and organ blood flow and resistance in conscious rats both above and below an experimentally produced coarctation. The experimental group consisted of 10 male Sprague-Dawley rats with a mean pressure gradient of 68 mm Hg across the coarctation. This experimental group was compared with a group of eight control rats with no pressure gradient. Flow measurements were made with radioactively labeled microspheres 4 weeks after aortic constriction. This aortic coarctation produced an increase in cardiac index (22%) and total peripheral resistance (19%). Blood flow through tissues proximal to the coarctation was not different from control; vascular resistance was increased (31%). Flow through the tissues distal to the coarctation was increased (16%); vascular resistance was decreased ( -22%). The upper carcass, diaphragm, and brain were the tissues most representative of flow above the coarctation, and the lower carcass and large intestine were the tissues most representative of flow below the coarctation. Coarctation of the aorta produced cardiac hypertrophy and increased microsphere shunting to the lungs. (Hypertension 9: 611-618, 1987) KEY WORDS • microspheres • organ blood flow • regional blood flow E XPERIMENTALLY produced coarctation of the aorta provides an excellent model to study hypertensive and normotensive vascular beds in the same animal. Animal models have been produced for both thoracic and abdominal aortic coarctation. In humans congenital coarctation occurs just below the origin of the left subclavian artery 98% of the time (i.e., in the aortic arch of the aorta). Abdominal coarctation is in the minority, and the exact place of the constriction varies anywhere along its course. Clinical differences between these two types of coarctation do exist.
XPERIMENTALLY produced coarctation of the aorta provides an excellent model to study hypertensive and normotensive vascular beds in the same animal. Animal models have been produced for both thoracic and abdominal aortic coarctation. In humans congenital coarctation occurs just below the origin of the left subclavian artery 98% of the time (i.e., in the aortic arch of the aorta). Abdominal coarctation is in the minority, and the exact place of the constriction varies anywhere along its course. Clinical differences between these two types of coarctation do exist. 1 For instance, in abdominal coarctation there is a greater incidence of intermittent claudication, a Grade II/VI systolic ejection murmur is heard over the abdomen instead of the left sternal border, and rib notching is usually less prominent. Clinical similarities between the two types include hypertension proximal to the constriction, normotension distal to the coarctation in the chronic state, weak pulses in the lower extremities, and signs of heart failure in 2 The mechanism of this hypertension remains elusive, although several theories have been developed. The earliest was a mechanical theory proposed by Bing et al. 3 and Blumgart et al. 4 It was postulated that the hypertension was due primarily to the aortic constriction itself and the high resistance of the collaterals. Another theory is the neurogenic theory. Prinzmetal and Wilson 5 postulated that the hypertension in the upper extremities was vasomotor in origin. Sealy 6 postulated that the hypertension was caused by a resetting of the aortic arch baroreceptors, which caused an increase in proximal pressure and adequate flow to organs below the constriction. A third theory by Goldblatt et al. 7 postulated that the aortic constriction caused a reduction in renal blood flow, which in turn activated the renin-angiotensin system, leading to vasoconstriction and an increase in blood pressure to the kidneys.
Although several studies have examined plasma renin activity 8 -9 to further clarify the proposed theories, few studies have examined the overall blood flow and resistance pattern. In a few human clinical studies limb blood flows were measured using plethysmography. Since the brachial artery was proximal to the coarctation, arm blood flow was representative of tis-612 HYPERTENSION VOL 9, No 6, JUNE 1987 sues in the hypertensive state and leg blood flow was representative of tissues below the constriction. Different conclusions were drawn from these studies. Patterson et al. 10 concluded that above the coarctation there was increased arterial pressure and vasoconstriction of the vascular bed but below the coarctation normal pressure and resistance prevailed. Wakim et al." observed no significant difference in flow compared with normal subjects, above or below the coarctation. Isolated hindlimb perfusion studies in rats with abdominal coarctation by Nolla-Panades 12 demonstrated increased vascular resistance.
With advanced techniques for flow measurement using microspheres now available, the present study attempted to quantitate regional and organ blood flow as well as resistance interrelationships above and below an experimentally produced abdominal coarctation.
Materials and Methods
Aortic constriction was produced in 10 male Sprague-Dawley rats (weight, 150-175 g; Charles River Laboratories, Wilmington, MA, USA) using the techniques developed by Murphy et al. 13 This procedure involved a laparotomy and exposure of the abdominal aorta proximal to the renal arteries. A small piece of polyethylene sheeting (cellophane wrap) approximately 3 x 9 mm was placed around the abdominal aorta where the constriction was made to prevent collateral growth. The constriction was made between the celiac and superior mesenteric arteries by tying a silk ligature (size 00) around both the aorta and a 20-gauge piece of needle tubing; the tubing was then removed. The laparotomy was closed, and the animals were allowed to recover and grow for the next 3 weeks. The control group consisted of eight male SpragueDawley rats whose average weight at the time of the sham coarctation was 150 to 175 g. Sham coarctation consisted of a laparotomy and exposure of the abdominal aorta.
During the third week after coarctation, both groups of animals were instrumented with left atrial, 14 femoral, and carotid catheters. The animals were allowed to regain their preoperative weight before flow measurements were undertaken using the microsphere techniques. The average time elapsed from catheter placement to microsphere injection was 3 days. The left atrial catheter was used for microsphere injection. The carotid and femoral catheters provided pulsatile and mean blood pressure measurements above and below the coarctation, respectively. Connections were made from the pulsatile carotid blood pressure channel to a tachograph for monitoring of heart rate. These measurements were continuous for 10 to 15 minutes before the first injection and for 15 minutes between injections. Approximately 180,000 microspheres (15 ± 3 /im) labeled with scandium-46 (New England Nuclear, Boston, MA, USA), tin-113 (New England Nuclear), or strontium-85 (3M Company, St. Paul, MN, USA) were injected into the left atria of both groups for cardiac output determination as well as tissue blood flows. A reference sample was withdrawn from the femoral artery; Liard and Spadone 15 found no significant differences between reference samples withdrawn from the subclavian or femoral arteries. Ficoll 70 was given as the fluid replacement. The details of this technique have been reported earlier.
l6 All measurements were done in conscious animals and were in accordance with the institutional guidelines.
After injection, the rats were killed with sodium pentobarbital and the organs dissected, weighed, and counted to determine radioactivity with a Nuclear Chicago Gamma Counter (Series 1185; Des Plaines, IL, USA). The carcass was split in two at the point of aortic constriction (or similar point in controls) into upper and lower regions. Each region was weighed, diluted with water, and blended. Aliquots were placed in five separate preweighed glass tubes and counted to determine radioactivity. Flow and resistance were then calculated for individual organs, upper and lower carcass, and skin. The upper carcass consisted of the axial muscles and bones proximal to the coarctation, upper extremities, and head. The lower carcass consisted of the axial muscles and bones located distal to the coarctation, lower extremities, and tail.
Cardiac outputs were measured using the reference sample method as well as summing of all individual tissues. Statistical comparisons were made between control and experimental animals using Student's t test.
Results

Whole Body Hemodynamics
Whole body variables are shown in Table 1 . The pressure gradient between the thoracic and abdominal aorta in the controls averaged 3.0 mm Hg. Coarctation of the aorta in this series of experiments raised the pressure gradient to an average of 68 mm Hg. The chronic response (1 month) to the resultant pressure gradient caused a 46% increase in mean arterial pressure proximal to the coarctation (up to 175 mm Hg), while the pressure distal to the coarctation tended to decrease. A fall of 8%, down to 107 mm Hg, was suggested, but this change did not reach significance.
Cardiac output when normalized by body weight was significantly increased by 22% in the rats with coarctation. The increase in cardiac index, as determined by the reference organ technique, was supported by summing the individual tissue flows (see Table  1 ). There was no significant difference between these values and those obtained by reference blood flow calculations (see Table 1 ). The small differences between the two methods were ascribed to the fact that the sum of all tissue flows was not exactly equal to the cardiac output as obtained by the reference organ technique. The sum of the tissue flows in the control group equaled 98 ± 4% of the reference sample cardiac index value, and in the coarctation group the sum of all the tissue flows equaled 94 ± 4% of the reference sample cardiac index value. When the control group was compared with the coarctation group, no differences were seen in heart rate or total body weight.
Total peripheral resistance was calculated two ways, first by the classic method in which the resistance to the entire systemic circulation is characterized by dividing the aortic pressure by the cardiac index. This calculation showed a total resistance increase of 19%. The second approach involved summing the component parts of the total resistance. Anatomical consideration indicated that the resistance of the coarctation and the resistances in the tissues distal to the coarctation composed a series circuit, and this composite resistance is hemodynamically in parallel with the vascular resistance above the site of the coarctation. Thus, total resistance can be calculated using equations for two series and then two parallel circuits. In mathematical terms the total resistance of the distal region equaled the resistance of the coarctation plus the resistance of the distal tissue. Total vascular resistance equaled (resistance of the proximal region x resistance of distal region)/(resistance of proximal region + total resistance of distal region). The result of this resistance calculation is in close agreement with the first method; it showed that total resistance was elevated 24% in the coarctation group (see Table 1 ).
Regional Hemodynamics
To study the regional hemodynamics, the rats were divided into three regions: tissues located above the coarctation (proximal region), those located below the coarctation (distal region), and an indeterminate group of tissues. The indeterminate group comprised the following organs: lung, liver, lumbar muscles, and duodenum. These organs were considered indeterminate either because they trapped shunted microspheres or because of uncertainty in the origin of their blood supply.
Flows to the proximal region were calculated by summing the flows of all organs and tissues proximal to the coarctation. Flows to the distal region were calculated by summing the flows of all organs and tissues distal to the coarctation. To make comparisons between animals, these flows were expressed per 100 g of body weight. Results are shown in Table 2 . Flow to the proximal region showed a nonsignificant increase of 8%, whereas blood flow to the distal region showed a significant increase of 16% (see Table 2 ). A direct comparison of regional resistances showed a 31 % increase above the coarctation and a 22% decrease below the coarctation; both were statistically significant (p<0.05). The distribution of body weight above and below the site of coarctation was not altered in the coarctation group. Thus, the resistance ratio of tissue above to tissue below the coarctation could be calculated, which would factor out the whole-body changes and emphasize regional changes. The above/below resistance ratio averaged 1.28 in the control group and 2.17 in the coarctation rats, indicating a 70% increase in proximal region vascular resistance (see Table 2 ).
Individual Selected Organs Above and Below the Coarctation
Blood flows above the site of the coarctation were highly variable but showed a slight (5%) tendency to increase (Figure 1) . The spleen and forelimbs showed a decrease in flow; ventricles, skin, and stomach showed an increase; and no change was observed in the carcass, diaphragm, or brain. None of the changes in the flow were significant (see Figure 1) .
The observations that cardiac output was increased in coarctation and that blood flow increased to tissues distal to the coarctation were supported by an examination of individual tissues. All tissues examined below the coarctation showed a tendency toward increased flow; however, the increase was significant only in the carcass and large intestine because of the large coefficients of variation inherent in the data.
The overall resistance above the coarctation was significantly elevated (Table 3) . Specific tissues which showed significant increases in resistance included the spleen, carcass, diaphragm, and brain. Other organs, including the ventricles, suggested an increase in resistance, but it was not significant (see Table 3 ). The observation of general vasodilation in tissues below the coarctation was supported by examination of individual tissues (Table 4 ). All tissues showed a tendency toward decreased resistance, but only the carcass and large intestine had a significant decrease.
Hypertrophy of the heart was present in coarctation, as evidenced by significant increases in heart weight and total flow (Table 5) .
Indeterminate Organs
Before beginning experimentation we thought, because of the anatomy of the rat, that the lumbar muscles would receive their blood supply from branches of the aorta located below the coarctation. However, on autopsy, it was observed that a portion of the lumbar muscles was actually located above the coarctation and it was impossible to determine exactly where the blood supply originated without doing a plastic cast of the arterial system. Thus, these muscles were excluded from regional blood flow analysis.
A similar situation existed for the duodenum. The stomach definitely received its blood supply from the left gastric and gastroduodenal arteries, which branched from the abdominal aorta proximal to the coarctation. The jejunum and ileum showed hemodynamic patterns typical of those organs located below the coarctation. Since we were unable to discern the exact origin of the duodenum's blood supply, this organ was not included in regional or organ analysis.
Shunting of Microspheres
The lungs and liver were both considered to be organs that might trap shunted microspheres -that is, the number of microspheres trapped in the lungs and liver represented the arterial blood supply to those organs plus the microspheres that were not trapped in the capillary beds of other organs. These untrapped microspheres would then enter the portal or venous systems and be trapped in either the liver or lungs. The number of microspheres trapped in each organ was used to calculate "apparent flow" as it represented a combination of arterial blood flow plus shunting. There appeared to be no significant shunts through the digestive system, as the apparent flow to the liver was not significantly increased in coarctation (12%; Table  6 ). Shunting of microspheres to the lungs in animals with coarctation occurred; the apparent flow to the lungs was increased by 271% (see Table 6 ). This increase was not statistically significant because one animal with coarctation had an extremely large number of microspheres in the lungs and thus increased the coefficient of variation of apparent flows beyond that needed for statistical significance.
Discussion
Coarctation of the aorta is a unique model for studying hypertension in that the circulatory system is divided into regions of high and normal pressure while the neural and blood-borne hormonal factors remain unbiased. In our experimental animals a pressure gradient of 68 mm Hg was generated between the upper and lower regions. Collateral growth was prevented by wrapping the abdominal aorta with polyethylene before introducing the constriction. Prevention of collateral growth was demonstrated in preliminary experiments by injecting Batson's 17 anatomical corrosion compound (Polyscience, Warrington, PA, USA), a plastic cast material, into the arterial system of two groups of rats. Coarctation was produced in the first group without wrapping the aorta with cellophane, and the second group had their aortas wrapped with cellophane before the constriction was produced. Several weeks later, the rats were killed and the amount of collateral growth was observed. Extensive collateral growth was shown in the first group of rats. The coarctation was almost completely bypassed as collateral vessels grew around the constriction to rejoin the abdominal aorta. There was no collateral growth in the second group.
Coarctation in this study produced a significant increase in cardiac output, which agrees with some pre- > " In our study, an observed increase in cardiac output was confirmed in two ways. The reference sample method showed a significant increase in cardiac output, which the sum of the blood flows to individual tissues confirmed. In addition to an increase in cardiac output, we also observed an increase in total peripheral resistance.
It was the aim of this study not only to observe the total hemodynamic changes of coarctation but also to determine how the increased cardiac output was distributed to individual organs and how each organ responded to a change in perfusion pressure. Even though previous studies examined blood flows to individual organs including the limbs, direct comparison with our study is difficult. Many of the earlier studies used plethysmography or temperature change to measure blood flow in the limbs of humans with thoracic coarctation. The studies produced conflicting results. Bing et al. 3 observed an increased blood flow in the forearm; Prinzmetal and Wilson 3 observed forearm decreases; and Lewis 19 and Pickering 20 observed no change in forearm blood flow. In more recent studies isolated hind limb perfusion methods and microspheres have been used to assess blood flow through various organs; however, differences between these studies and ours still exist. Liard and Spadone 15 iised microspheres to measure regional blood flow in dogs and found a decrease in blood flow below the coarctation; however, the overall pressure gradient produced by the coarctation was small (21 mm Hg) compared with our pressure gradient of 68 mm Hg, and thoracic coarctation rather than abdominal coarctation was used. Although the differences in placement of the coarctation may cause different physiological effects, the overall clinical differences are small when the coarctation is either thoracic or abdominal and is located proximal to the renal arteries. Bell and Overbeck 21 did hindlimb perfusion studies in the rat and observed increased vascular resistance in these beds. However, the rats were anesthetized during the study, and no direct flow measurements were made.
Our data identified what appears to be an autoregulatory response proximal to the coarctation. This type of autoregulatory response in tissues above the coarctation was suggested by Fries 22 in 1960. In our study regional analysis of the proximal region as well as individual organ data supported the speculation of Freis. 22 Blood flow to the proximal region showed a nonsignificant increase in flow of only 8%. The carcass, diaphragm, and brain appeared to be strong autoregulators as they showed virtually no increase in tissue flow despite a 68 mm Hg increase in mean arterial pressure. The spleen and forelimb could be considered strong vasoconstrictors, as the large increase in resistance actually resulted in a tendency toward decreased blood flow; however, this decrease was not significant. Of all the tissues measured above the coarctation, the carcass composed the majority of the weight (63%) and thus influenced the proximal region hemodynamics the most. The organs that showed the most variability were the forelimbs and the skin. Part of the forelimb variability could be attributed to movements of the individual animals, as all measurements were made in the conscious state. Because the forelimb musculature had a large variability (for Values are means ± SD. *p<0.05, significant difference. Values are means ± SD. *p<0.05, significant difference.
whatever reason), it did not appear to be representative of hemodynamics in the proximal region. Part of the blood flow variability to the skin was due to the small size of the tissue sample (approximately 1 g). Because of the low basal flow to the skin there were often fewer than 400 microspheres per sample, causing increased variability in the observed flow. 23 Because the skin is the second largest organ by weight in the proximal Values are means ± SD. Lungs and liver represent apparent flow (i.e., arterial blood flow plus shunting to these organs).
*p<0.05, significant difference.
region and thus contributed substantially to overall hemodynamics, larger sample sizes are recommended. The heart showed a 39% increase in weight and a large increase in absolute flow, but because of the large increase in heart size, flow was not elevated significantly. The ventricles, skin, and stomach showed a tendency toward increased blood flow; however, these" changes were small and not significant.
The region distal to the coarctation showed a significant decrease in resistance (22%) and an increase in flow (16%). This observation did not follow classic autoregulation theory. The pressure below the coarctation was not significantly decreased, yet a significant decrease in resistance was observed. The mechanism for this observation remains unexplained. The right hindlimb blood flow measurement showed no significant change in blood flow resistance. This finding is in agreement with some previous studies but not others. Lewis, l9 Wakim et al., 11 and Patterson et al. 10 observed normal blood flows in limbs distal to the coarctation. Bell and Overbeck 21 observed increased vascular resistance in isolated perfused hindlimbs of rats with aortic coarctation. Liard and Spadone 15 also observed a late (28 days postcoarctation) increased vascular resistance in skeletal muscle distal to the coarctation in dogs.
We have determined that the blood flow to the right hindlimb musculature was not the same as the overall hemodynamics of the distal region. Thus, the hindlimb may not be the ideal tissue for assessment of blood flow in tissues distal to the coarctation. Overall we observed a 16% increase in distal region blood flow and a 22% decrease in distal region resistance. The mechanisms controlling the distal region hemodynamics in coarctation are not understood. Although other studies showed decreased 15 or normal 19 blood flow distal to a coarctation, there is little reason to expect a flow change at rest when perfusion pressure is maintained. In the present experiments short periods of relative ischemia during physical activity may have provided a stimulus for long-term vasodilation. Further studies are needed to examine the possibility of angiogenesis in the distal region.
Shunting through other tissues to the lungs occurred in some animals in both groups; however, it was more severe in the coarctation group. The range of apparent lung flows in the control group ranged from 0.45 to 3.19 with a mean of 1.33 m l m n r ' g " 1 of wet tissue weight. In the coarctation group the range of apparent lung flows was from 1.35 to 16.22 with a mean of 4.15 ml-min" l -g-'. One animal in the group with aortic coarctation had extremely large apparent flows to the lung, and this caused the t test to be nonsignificant. However, if this one value is disregarded, a significant increase of over 100% in apparent lung flow was observed. It is impossible to tell with the microscope method where the shunting occurred. It probably came through the proximal region because of the increased perfusion pressure, but again this is only conjecture. A potential limitation of this study could be the possibility of preferential distribution of microspheres distal to the stenosis on the basis of axial streaming. Phibbs and Dong 24 showed that microspheres tend to have an uneven radial distribution in small arteries and to be more concentrated in the axial portion of flow. This study did not address the possibility that the constriction at the coarctation may act like a small artery and thus cause possible differences in distribution between red blood cells and microspheres.
In summary, this study showed that in rats with aortic coarctation (which produced a pressure gradient of 68 mm Hg and no collateral growth near the site of the coarctation) there is a significant increase in total cardiac index and total peripheral resistance. Further analysis showed that there was a definite difference in the way the proximal region responded to coarctation as compared with the distal region. The proximal response was quite dramatic and showed evidence of autoregulation, with a 31% increase in resistance and only a slight increase in tissue blood flow. The distal response appeared to be more subtle, with vascular resistance decreasing and blood flow increasing. The cause of these changes remains unknown. The individual organ data confirmed the regional data and thus elaborated on the overall interrelationships that occur during coarctation. K A Stanek, T G Coleman and W R Murphy rats.
Overall hemodynamic pattern in coarctation of the abdominal aorta in conscious
